INTRODUCTION
Histone HI is the internucleosomal histone of higher eukaryotes [1] . It has been implicated in the establishment of stable and tissue-specific gene repression [2] [3] [4] [5] , as it is presumed to have a function in the formation of the 30 nm chromatin fibre [6, 7] , although molecular models of chromatin compaction and transcriptional repression by histone HI are open to debate. It has been shown recently that histone HI is located in the interior of the 30 nm chromatin fibre [8] , which supports the solenoidal model of chromatin compaction. Histone HI has been shown to be abundant in heterochromatin [9] and to be associated with nucleosomes containing 5-methylcytosine [10] . Conversely, it is absent from CpG island chromatin [11] , which is characteristic of active autosomal housekeeping genes, and is depleted in chromatin which contains active genes [6, 12] . The effects of histone modification and DNA modification, specifically the methylation of DNA at CpG dinucleotides, on the structure and properties of nucleosomes and chromatin has not been clarified.
DNA methylation [13] correlates with the inactivity of many tissue-specific genes in vertebrates [14] [15] [16] . Two models have been proposed to explain the mechanisms underlying this correlation. Methyl groups in a promoter may directly interfere with the binding of some transcription factors, such as the cyclic AMP-responsive element binding protein [17] , and the transcription factor AP-2 [18] . Alternatively, methylation may direct the formation of an inactive chromatin structure that is inaccessible to transcription factors [19] . Several studies have shown that methylated DNA in both chromatin and nuclei is inaccessible to certain nucleases, such as DNAase I [20] and MspI [21] , and it is presumed to be similarly inaccessible to transcription factors. It has been proposed that the inactivation process requires the participation of proteins that bind preferentially to methylated DNA [22] . Several such proteins have been described, namely methyl-CpG binding proteins (MeCPs) [23, 24] and methylated DNA binding proteins (MDBPs) [25, 26] . MeCP-2 has been shown to be associated with centromeric heterochromatin [23] , and MDBP-2 shares sequence identities increasing amounts of histone HI, although inhibition with the methylated template occurs at a lower HI:DNA ratio. The HIc variant shows the greatest preferential inhibition of the methylated template. We demonstrate that histone HI complexed to DNA is one of the factors that inhibits transcription by preventing the formation of initiation complexes, particularly on methylated template, rather than the formation of disordered HI DNA aggregates.
with histone HI [27] . These results imply that both proteins have a function in inactive chromatin. The literature is undecided as to whether histone HI binds preferentially to methylated DNA [28, 29] , although it has recently been shown to repress preferentially in vitro transcription from methylated template DNA [28] .
Our earlier studies [30] have shown that, following the transfection of a methylated construct for a polymerase (pol) II gene into dividing mammalian cells, the reporter gene is inactivated as a result of its incorporation into inactive chromatin. Using a plasmid construct containing two tRNA genes and an adjacent CpG island in an in vitro transcription assay, the present study provides evidence that histone HI is centrally involved in the repression of transcription from methylated DNA. Besser et al. [31] [10 mM Tris/HCl, pH 7.5, 1.0 mM DTT, 0.4 mM PMSF, 5 mM EDTA, 0.01 % (v/v) Nonidet-P40 (NP-40) and 10 % (v/v) glycerol]. NP-40 was included in all buffers containing histone HI to prevent nonspecific adsorption to plastic or glass [4] . The presence of EDTA facilitates histone renaturation [34] . Samples were renatured by step-dialysis [35] to the histone HI buffer, starting from buffer containing 2 M NaCl and 5 M urea. Preparations were stored frozen at -70 'C. Total core histones (H2A, H2B, H3 and H4) were used as controls for histone HI as they are highly positively charged but do not repress in vitro transcription under these conditions (see below, Figure 9 ). Core histone octamers were purified from HeLa cell nuclei by hydroxyapatite adsorption chromatography [36] and concentrated to 1-2 mg/ml using lowmolecular-mass cut-off Centriprep concentrators (Amicon). . Somatic histone HI variants HIa-e were partially purified by reversed-phase h.p.l.c. chromatography [37] , as modified by Caiafa and coworkers [38] . Protein fractions were lyophylized and renatured as described above. Total histone H1 and HI variants were analysed and characterized by SDS/12% (w/v) PAGE. Variant preparations were not fully homogenous, because of the incomplete resolution obtained by reversed-phase h.p.l.c. chromatography. Variants were characterized as previously described by Caiafa and coworkers [38] , from which it could be concluded that the preparations of Hla and Hld were 95% homogeneous, whereas the HIc preparations were contaminated with H Ie. The H I e preparation was also contaminated with H Ic, and HI b was not resolved using this method of chromatography. Protein concentrations were determined by Bradford's procedure [39] , after correction for the anomalous effect of histones on colorimetric assays.
Formation of histone H1 :DNA complexes Total histone HI was allowed to bind to 100 ng of supercoiled template DNA under conditions that facilitated the formation of a 'slow' complex, as defined by Clark and Thomas [40] . 'Slow' complexes are presumed to form by the non-cooperative and reversible binding of HI to DNA. Histone HI dissolved in buffer H was mixed, in various proportions, with DNA in 20 mM Hepes/KOH, pH 7.0, and 2.0 mM MgCl2 [41] in the presence of 15 mM NaCl. Mixtures were incubated at 27°C for 60 min, after which the complexes were used in subsequent procedures. The formation of histone HI -DNA complexes, under these conditions, was assayed by agarose (1.0 %, w/v) gel electrophoresis in 0.25 x Tris-borate/EDTA electrophoresis buffer and 20 % (v/v) glycerol.
RESULTS

In vitro transcription products
Transcription assays with plasmid constructs containing only the tRNA rg gene or only the tRNALeU gene enabled the transcription products from pArg/Leu to be determined (Figure lb) . Unlike the tRNALeugene, the tRNAArg gene contains an intron [32] . Nascent RNA, which is transcribed from the tRNAArggene, is processed by the nuclear extract from an original size of 100 nt, Histone Hl * DNA complex formation is assayed by gel electrophoresis in agarose, at increasing levels of histone Hi (Hl: DNA ratio 0-2.0 w/w, with respect to 250 ng of unmethylated plasmid DNA). 'Slow' complexes are retarded during electrophoresis, at Hi :DNA ratios <1.0 (w/w), but are not localized to the wells of the gel as would be expected for an aggregate of 'fast' complexes. This is evident at an Hi DNA ratio of 2.0 (w/w). [41] , who suggested that MeCP-l was the limiting protein.
In the presence of 10-240 ng of unmethylated or methylated pUCl9 competitor DNA, transcription from 10 ng template is increased considerably (Figure 4) . The activating effect of competitor was consistently less effective with the methylated template, reaching only 800% of the level obtained from the unmethylated template even at the highest levels of competitor tested. Transcription in the presence of methylated competitor is somewhat better than in the presence ofunmethylated competitor but, in both cases, transcription is increased at least 10-fold. It is assumed that the stimulation of transcription is caused by the binding to the competitor DNA of inhibitory proteins present in the nuclear extract. As the inhibitory factors bind to unmethylated and methylated competitor DNA, this observation is not consistent with the limiting inhibitory factor being MeCP-1 (which binds only to methylated DNA). It Preincubation of the template DNA with histone HI leads to an inhibition of the stimulated transcription and this inhibition is selective for methylated template ( Figure 5 ). This remains true whether or not the competitor DNA is methylated. In other words, we have evidence for histone HI alone being essential (and limiting) for the selective inhibition of transcription from the methylated template. No evidence has been found that a second factor (e.g., MeCP-1) is required for the selective inhibition of transcription exerted by histone HI on methylated templates. Transcription with Hi-depleted nuclear extract Another way to remove histone HI is to subject the nuclear extract to ammonium sulphate fractionation (see the Materials and methods section). In comparison with the normal Dignam nuclear extract that was used in the studies described above, a nuclear extract that is depleted of histone HI shows increased transcription with low levels of methylated or unmethylated template ( Figure 6 ). The addition of histone HI to the depleted extract causes inhibition of transcription particularly with methylated templates. We presume that inhibition is caused by the formation, during the preincubation stage of the transcription assay, of HI DNA complexes that inhibit transcription from methylated and, to a lesser extent, unmethylated constructs.
Histone Hi selectively inhibits transcription from methylated templates With amounts of template in excess of 50 ng/assay, the difference between transcription from methylated and unmethylated templates is small (Figure 3) . However, at high levels of template DNA, transcription is inhibited from both templates onto which slow complexes of total calf thymus histone HI have been deposited (see the Materials and methods section). Transcriptional inhibition occurs at a lower Hi :DNA ratio for methylated templates, in comparison with unmethylated or mock-methylated templates (Figure 7) . Transcription from unmethylated templates is inhibited by 95 % at an HI: DNA ratio of 1.0 (w/w). Methylated templates are inhibited by 95 % at a ratio of 0.25-0.6 (w/w). Complete repression is obtained at high levels of HI (1.0-2.0 ratio), for both types of template. Control experiments using core histones (see the Materials and methods section) over the same range of protein: DNA ratios showed no inhibition with either template (Figure 9 , and see below).
The preferential inhibition of transcription from methylated templates by HI is also seen for covalently closed circular (form II topoisomer) and linear pArg/Leu template, although there is a decrease in the absolute level of transcription by 2-and 5-fold respectively, in comparison with the supercoiled template (results not shown). These results suggest that the overall supercoiled conformation of the template affects neither the inhibitory activity of histone HI nor the differential transcription from the two templates. To test whether the number or density of methylated CpGs also has an effect, a 943 bp fragment containing both tRNA genes but lacking the (G + C)-rich region was used as a template. 1-7) or methylated (lanes 8-14) template as described in the Materials and methods section. Transcription was initiated with ribonucleoside triphosphates (NTPs). Initiation or elongation complex assembly was inhibited by the addition of 0.025% Sarkosyl (Srk) at the indicated times. Sections of gels corresponding to the transcripts for one particular gene were excised and quantified by scintillation counting. Transcriptional efficiency was expressed as transcripts per gene.
II transcription by preventing the assembly of initiation complexes on template DNA [4] . We demonstrate that a similar interaction occurs with the general RNA pol III transcriptional machinery.
The results of Figure 8 show that pre-incubation of the template with histone HI at a Hi:DNA ratio of 1.0 (w/w) prevents the assembly of initiation complexes on both unmethylated (lane 2) and methylated (lane 9) template. Histone HI also inhibits the conversion of pre-assembled initiation complexes into elongation complexes on the addition of ribonucleoside triphosphates, although this inhibition is less effective on unmethylated template (lane 3) than on methylated template (lane 10). However, the presence ofH does not inhibit elongation from either template (lanes 4 and 11), although transcription is limited to a single round in both cases, as shown by comparison with transcription assays containing 0.025 % (w/v) N-laurylsarcosine (Sarkosyl) (lanes 7 and 14) . Sarkosyl prevents the formation of initiation complexes (lanes 5 and 12) and the conversion of pre-assembled initiation complexes into elongation complexes (lanes 6 and 13) but, like H1, does not stop the elongation by the polymerase once ribonucleoside triphosphates have been added [42] . As a consequence, the presence of Sarkosyl prevents re-initiation of transcription, limiting the transcription to one round. This was confirmed by excising gel slices containing the labelled RNA transcripts for one particular gene, counting in a liquid scintillation counter and determining the transcriptional efficiency in terms of transcripts per gene. Figure 9 Effect of different histone HI variants on transcription Somatic variants of histone Hi were separated by reversed-phase h.p.l.c. chromatography, with core histones as a control: 0, core histones; *, histone Hia; A, histone Hid; *, histone Hle>c; 0, histone Hle = c; a. histone Hic; A, total histone Hi. Increasing levels of each variant were assayed for transcriptional inactivation of 100 ng of unmethylated and methylated templates, in the same way that total histone Hi is assayed in Figure 7 . The amount of transciption of the methylated template is expressed as a percentage of that of the unmethylated temiplate (the control value of 100%), and is shown for each histone Hi variant at Hi DNA ratios of 0-2.0 (w/w).
We conclude that histone H 1, like Sarkosyl, acts by preventing the formation of initiation complexes, particularly on methylated templates, rather than by preventing elongation, which proceeds at similar rates from unmethylated and methylated templates.
Dffferent variants of histone Hi inhibit transcription to unequal extents
The contribution of different variants to the formation of inactive chromatin is not known but it has been suggested that they may act at different sites to regulate the stability of the 30 nm chromatin fibre. The different variants of histone HI were complexed with methylated or unmethylated (control) DNA templates and used in transcription assays as described above. Preparations containing predominantly Hlc show inhibition at Hi :DNA ratios comparable with those at which inhibition is shown by total histone HI ( Figure 7) . The unmethylated template is inhibited at Hi :DNA ratios of 0.60-1.0 (w/w), whereas the methylated template is inhibited at a ratio of 0.25 (w/w). The preparations which contain predominantly Hle or Hld have a reduced, selective inhibitory activity, whereas Hla has little selective inhibitory activity ( Figure 9 ). Core histones do not have any inhibitory activity, as reported above.
Gene methylation is not essential for Hi-mediated inhibition of transcription [48] . The complexes formed b thoroughly studied [40] , and t of HI-mediated inhibition of templates [4, 28] [6, 12, 50] and pol-III-transcribed genes [46] . HI increases the nucleosome [49] 
